Abstract Regular walking exercise attenuates lower-limb cutaneous microvascular endothelial dysfunction in postsurgical varicose-vein patients. This study assessed the eVects of upper-limb exercise training on lower-limb cutaneous microvascular function in this patient group. Six post-surgical (4-5 weeks) varicose-vein patients completed an 8-week arm-crank exercise training programme. Changes in cutaneous microvascular function of the lower leg were assessed using laser Doppler Xowmetry and iontophoretic administration of endothelial-dependent and -independent agonists [acetylcholine (ACh) and sodium nitroprusside (SNP), respectively]. At 8 weeks, median lower-limb cutaneous vasodilator responsives to ACh and SNP remained unchanged relative to baseline (e.g. 6 mC: 37 (interquartile range 24-63) vs. 40 (20-71) vs. 38 (21-64) PU, respectively for the supine position). Upper-limb exercise appears ineVective for improving lower-limb cutaneous microvascular function in post-surgical varicose-vein patients. Therefore, limb speciWcity appears an important factor in optimal exercise prescription for these patients.
Introduction
Chronic venous disease is a common cause of lower-limb ulceration (Iabichella et al. 2006) . Several factors might aVect tissue viability and susceptibility to ulceration, but the structural and functional integrity of the microcirculation to maintain blood Xow, tissue oxygenation, and nutrient delivery might be particularly important (Iabichella et al. 2006) . Indeed, microcirculatory impairment is involved in all the hypotheses on ulcer pathophysiology (Iabichella et al. 2006) , the trophic tissue damage caused by vein insuYciency is preceded by the development of microvascular abnormalities (Iabichella et al. 2006) , and skin microvascular abnormalities are a risk factor for chronic ulceration in patients with varicose veins but no history of venous ulcer (Robertson et al. 2009 ). Therefore, assessment of cutaneous microvascular function in patients with mildto-moderate venous disease might be useful for identifying those at high risk of venous ulceration. It might also be useful for assessing ulcer risk in patients who have recently had varicose-vein surgery, given that approximately 20% of patients with spontaneous ulcers have previously had varicose-vein surgery (Kulkarni et al. 2008) .
In recent years, we studied lower-limb cutaneous microvascular function in patients being treated for lower-limb varicosities (Klonizakis et al. 2003 (Klonizakis et al. , 2009a ) using laser Doppler Xowmetry combined with incremental-dose iontophoretic administration of endothelial-dependent (acetylcholine [ACh]) and -independent (sodium nitroprusside [SNP]) vasodilators. A key Wnding was that varicose-vein patients had microvascular endothelial dysfunction (reduced ACh-responsiveness) compared to age-matched healthy controls (Klonizakis et al. 2003) , which persisted after venous surgery (Klonizakis et al. 2009a) . Therefore, it appears important to identify strategies to improve cutaneous We recently investigated the eVects of aerobic exercise training (brisk walking) on lower-limb cutaneous microvascular function in this patient group. We found that both acute (Klonizakis et al. 2009a ) and chronic (Klonizakis et al. 2009b ) walking exercise improved microvascular endothelial function (ACh-responsiveness), an adaptation that might be clinically meaningful with respect to risk of venous ulceration. As it was unclear if this adaptation can be induced by other modes of exercise, we investigated the eVects of upper-limb exercise training (arm-cranking) on lower-limb cutaneous microvascular function in post-surgical varicose-vein patients. This exploratory study has practical implications because many of these patients have diYculty walking. We hypothesised that arm-cranking might be a useful alternative for improving lower-limb microvascular function in post-surgical varicose-vein patients, given that it has been shown to improve lowerlimb haemodynamics in patients with intermittent claudication (Tew et al. 2009 ).
Methods
With Local Research Ethics Committee approval, six patients who had recently (within 4-5 weeks) received ligation and stripping of the great saphenous vein (for isolated venous incompetence) were recruited from the SheYeld Vascular Institute at the Northern General Hospital, SheYeld, UK. Patients with skin changes of the gaiter area (between the ankle and proximal calf), diabetes, cardiovascular disease, or those who were taking vasodilatory therapy were excluded from participation. Those who were non-ambulatory were also excluded. This research was carried out in accordance with the Declaration of Helsinki of the World Medical Association, and all volunteers provided written informed consent. No residual reXuxing segments were reported post-operatively. Demographic data are shown in Table 1 .
Outcome measures were assessed at baseline and 8 weeks. Cutaneous microvascular vasodilator function of the gaiter area was assessed in the supine and standing positions using laser Doppler Xowmetry combined with incremental-dose iontophoretic administration of ACh and SNP, as described in detail previously (Klonizakis et al. 2009a, b) . After this, patients completed an incremental arm-cranking test to maximum exercise tolerance using an electronically braked cycle ergometer (Lode Excalibur Sport) positioned speciWcally for arm cranking. Patients were asked to maintain a cadence of 50 rev min ¡1 . Following a 2-min warm-up against no resistance (0 W), the work rate was increased by 7 W min ¡1 . Patients attended twice weekly arm-crank exercise training sessions for 8 weeks, with each session comprising 10 £ 2-min bouts of exercise at 60-70% of peak work rate, separated by 2 min rest (Tew et al. 2009 ). The intensity of exercise was progressed gradually throughout the 8-week programme so that it remained "somewhat hard". The prescribed intensity, frequency, and duration of exercise were the same as described previously (Tew et al. 2009; Klonizakis et al. 2009b) .
Wilcoxon signed-rank tests were used to detect changes in outcome measures with statistical signiWcance set at P · 0.05. Data are presented as median (interquartile range).
Results
Compliance to the twice weekly exercise sessions was 100% and there were no drop-outs or exercise-related complications. The % predicted maximum heart rate towards the end of each training session was 74% (66-81%). Peak arm-crank power output increased from 56 W (36-70 W) at baseline to 71 W (60-77 W) at 8 weeks (P < 0.001). At 8 weeks, baseline Xux values and Xux responses to ACh and SNP were unchanged in both body positions (Table 2 ; P > 0.05). There was also no eVect of posture on cutaneous microvascular function (P > 0.05).
Discussion
The purpose of this study was to assess the eVects of upperlimb exercise training on lower-limb cutaneous microvascular function in post-surgical varicose-vein patients. We observed that skin blood Xow responses to ACh and SNP were unchanged after 8 weeks of exercise training, despite an improvement in peak arm-crank power output. Therefore, our data suggest that upper-limb exercise (at least in the form of moderate-intensity arm-cranking) does not improve lower-limb microvascular function in post-surgical varicose-vein patients.
The pre-training peak responses to ACh (Table 2) were similar to those observed previously for this patient group (45-48 PU) (Klonizakis et al. 2009a ) and lower than those observed for age-matched healthy controls (63-96 PU) (Klonizakis et al. 2009a) , suggesting that the patients had microvascular endothelial dysfunction at baseline. In contrast to lower-limb exercise training (Klonizakis et al. 2009b) , upper-limb exercise training was ineVective for attenuating lower-limb cutaneous microvascular endothelial dysfunction in post-surgical varicose-vein patients. Previous studies have reported improvements in ACh-responsiveness of the forearm skin microvessels after lower-limb aerobic exercise training (Wang 2005; Hodges et al. 2010) . Therefore, the available evidence suggests that lower-limb aerobic exercise can improve upper-limb cutaneous microvascular endothelial function, but not vice versa. This is probably because arm-cranking activates a smaller muscle mass than cycling or treadmill exercise, and therefore provides a relatively small cardiovascular challenge. Exercise training-induced changes in skin microvascular function are considered to be underpinned by exercise engaging thermoregulatory mechanisms (Hodges et al. 2010) . With this in mind, lower-limb aerobic exercise probably induces signiWcant thermoregulatory responses and changes in leg skin blood Xow, whereas arm-cranking probably does not. We cannot exclude the possibility that a more intensive training regimen would have induced favourable lowerlimb microvascular adaptations; however, we believe that such a regimen would have been poorly tolerated, given that our patients were older and untrained.
There are two main implications from our recent series of investigations. Firstly, our data show that microvascular abnormalities often persist after varicose-vein surgery. Therefore, additional steps need to be implemented postsurgically to reduce a patients' risk of future venous ulceration. Secondly, upper-limb exercise cannot be considered as an alternative to supervised walking exercise for improving lower-limb microvascular dysfunction. As exerciseinduced improvements in skin microvascular function appear to be limb-speciWc, patients with ambulatory diYculties might have limited potential to further improve lower-limb microvascular function after varicose-vein surgery.
Limitations to this study include the small sample size and the fact that, despite careful probe positioning, it is likely our microvascular measures were taken from diVerent areas of skin pre-and post-exercise training. Our power calculation, which was based on previous data (Klonizakis et al. 2009b) , suggested that we needed six patients to identify a 20-PU change in the peak response to ACh with an average standard deviation of 17.3 PU and = 80%. We accept that this is a small sample size, but believe it is suYcient for an exploratory study. As there were no trends for altered microvascular responses, we are conWdent that our interpretation of the Wndings is not confounded by the small sample size.
In summary, our results suggest that upper-limb exercise training does not improve lower-limb skin microvascular function in post-surgical varicose-vein patients. Therefore, it appears that exercise modality and limb-speciWcity are important factors in optimal exercise prescription for this patient group. Future research is needed to identify the mechanisms by which cutaneous microvascular endothelial function is improved after lower-limb aerobic exercise training, as well as to explore the feasibility of more widespread exercise rehabilitation in the clinical setting for venous disease patients. 
